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To investigate the isotope effects on the photodesorption processes of X2O (X = H,D) ice, molecular
dynamics calculations have been performed on the ultraviolet photodissociation of an H2O or a D2O
molecule in an H2O or a D2O amorphous ice surface, and on HOD photodissociation in an H2O
amorphous ice surface, where the photodissociated molecules were located in the top four or five
monolayers at ice temperatures of 10, 20, 30, 60, and 90 K. Three photodesorption processes can oc-
cur upon X2O photodissociation: X atom photodesorption, OX radical photodesorption, and X2O (or
HOD) molecule photodesorption. X2O (or HOD) photodesorption can occur after recombination of
X and OX, or after an energetic X atom photofragment kicks a surrounding X2O molecule from the
ice surface. Isotope effects are observed for the X atom and the OX radical photodesorption as well
as for the kick-out photodesorption. However, no isotope effects were noticeable for the photodes-
orption of recombined X2O molecules. The average D atom photodesorption probabilities are about
a factor 0.9 smaller than those for the H atom, regardless of the isotope of the surrounding ice system.
Also, the kick-out mechanism is more likely to occur if a D photofragment is created upon disso-
ciation than if an H atom is created. These observations can be explained by more efficient energy
transfer from the D atom to water molecules than from the H atom. Reasoning based on the X2O
phonon frequencies associated with the librational modes and energy transfer efficiencies explain
why the OX radical photodesorption probabilities are noticeably larger if the OX radical desorbs
from a D2O ice system than from an H2O ice system. Also, the OX radical photodesorption is more
probable upon dissociation of DOX (X = H,D) than upon dissociation of HOX (X = H,D), because
the initial kinetic energy of the OX radical is larger if the dissociation products are D + OX than H
+ OX. The branching ratio of ODOH desorption following photodissociation of an HOD molecule in
ice (about 1.0) is much lower than the ODOH branching ratio in gas-phase HOD photodissociation. This
may lead to differences in isotope fractionation in OH(g) formation in dense and diffuse clouds in the
interstellar medium. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793733]
I. INTRODUCTION
In the interstellar medium (ISM), sub-micron sized dust
particles are covered with icy mantles. The ice mainly consists
of H2O and of other organic molecules, such as CO, CH3O,
and NH3, among others.1, 2
The abundance of gaseous water in the ISM cannot be
explained by merely gaseous formation or thermal desorp-
tion of H2O from ice surfaces.3–5 A non-thermal desorption
mechanism which could explain the observed abundance of
gaseous water in the ISM is initiated by ultraviolet (UV)
photolysis.3, 6 Irradiation of UV photons can photo-excite the
water molecules present in ice mantles and cause dissocia-
tion into H and OH, which can lead to photodesorption of
the fragments or desorption of the recombined H2O molecule.
H2O can also desorb from ice through the kick of an energetic
H atom that transfers its momentum to a surrounding water
molecule.6–8
Atomic hydrogen and OH radicals formed upon dissoci-
ation of H2O can travel in the ice and react with small or-
ganic molecules (e.g., CO),9 and these reactions may lead
to the formation of more complex organic molecules (e.g.,
CH3CHO). The abundance of heavy radicals, such as HCO
and CH3O, in the icy mantles is predominantly a result of
H2O photodissociation.10, 11 UV photon fluxes are estimated
to be 1 photon per dust particle per day.12 Thus, one single
photon excitation process of H2O is likely to be completed
before the next photon arrives at the ice surface.
Isotope effects regarding the photo-chemistry of H2O
have been studied theoretically12–16 and experimentally.3, 17–20
Absorption cross sections of gas-phase H2O,14, 15, 21 D2O,14, 15
and HOD13, 15, 16 have been calculated for the rovibrational
ground state and for rovibrationally excited states, and have
also been measured experimentally for gas-phase H2O,18–20
D2O,18, 19 and HOD.18, 22 Moreover, in other experiments the
photon-induced22 dissociation and ion-induced23 dissociation
processes of gas-phase HOD have been studied, and the
branching ratios, which depend on laser frequency,16, 22, 24
have been provided. Zhang et al.16 and Engel et al.13 both
predicted that the H+ODD+OH ratio is about 2.5 at the maxi-
mum of the absorption spectrum. Photodissociation of both
H2O6, 7, 25, 26 and D2O molecules12 in H2O and D2O ice, re-
spectively, have been studied theoretically using Molecular
Dynamics (MD) calculations at different ice temperatures.
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There are also laboratory experiments regarding UV pho-
todissociation of H2O and D2O ice where the ice sample is
irradiated by multi-photon sources at excitation energies close
to the Ly-α value.3, 27–29 Therefore, in these experiments X2O
(X = H,D) molecules could be excited to higher electronic
states, which allows the formation and consequently the des-
orption of species such as X2, O2, and X2O2. However, in the
previous MD simulations,6, 7, 12, 25, 26 only excitation to the first
electronically excited state was considered.
In a different kind of experiment, Hundt et al.30 measured
the sticking probabilities of D2O molecules on X2O ice, us-
ing a molecular beam with an average translational energy of
38 kJ/mol and 69 kJ/mol at an ice temperature of 108 K. They
concluded that the sticking probabilities are near unity, and
larger for D2O on D2O ice than on H2O ice, due to isotope ef-
fects. Similar sticking probabilities were observed by Batista
et al.31 for the sticking of H2O on crystalline H2O ice at
20 K using low energy (48 kJ/mol) H2O molecular beams.
High sticking probabilities of H2O on ice complicate the
desorption measurements of H2O in photodesorption exper-
iments due to the freeze-out of H2O in the used vacuum
chambers.
In this paper, we will report MD calculations on the pho-
todissociation of an X2O* molecule—the * indicates that the
molecule is in the first electronically excited state—in a X2O
amorphous ice system in order to investigate isotope effects
on the photodesorption processes. In particular, MD simula-
tions have been carried out for H2O* in H2O and D2O amor-
phous ice, and also for D2O* in H2O and D2O amorphous ice
at Tice = 10, 20, 30, 60, and 90 K. Some of these results were
taken from previous MD simulations by Arasa et al.12 Also,
MD simulations for HOD* in an H2O amorphous ice system
have been performed.
This paper is set up as follows. In Sec. II the method for
the MD calculations is described, in Sec. III the results are
shown, and in Sec. IV the conclusions are presented.
II. METHOD
MD calculations were carried out to investigate the iso-
tope effects on the photodesorption processes of an X2O ice
system. A description of the potentials that were used during
the dynamics is given in Sec. II A, and a description of the ice
system is given in Sec. II B. Finally, details on the dynamics
method are provided in Sec. II C.
A. Potentials
In order to carry out the MD calculations, a good descrip-
tion of all the interactions is necessary. In particular, we have
used analytical pair potentials and the total Potential Energy
Surface (PES) can be written as
Vtot = Vice + VX2O∗-ice + VX2O∗ . (1)
The first term of Eq. (1) describes the intermolecular inter-
actions between the X2O molecules inside the ice, excluding
the excited molecule. This term consists of H2O–H2O interac-
tions described by the TIP4P potential,32 and all the molecules
are kept rigid.
The second term of Eq. (1), VX2O∗−ice, accounts for the in-
teractions between the excited X2O molecule, which is fully
flexible, and the other water molecules, as well as the in-
teractions between the photofragments and the molecules.
This term consists of three potentials: VH2O∗–H2O, VH–H2O,
and VOH–H2O. Before the excited molecule is dissociated,
the interaction of the excited X2O molecule with the ice
is given by VH2O∗–H2O, which is described by an adjusted
TIP3P potential.32 After dissociation of X2O, the interactions
of the photofragments with the ice are given by VH–H2O and
VOH–H2O, which represent the X atom interactions with the
water molecules and the OX radical interactions with the
water molecules according to the H–H2O PES and to the
OH–H2O PES,6 respectively. Switching functions are used
to change smoothly from VH2O∗–H2O to VH–H2O and VOH–H2O
while the dissociation proceeds.6, 7
The third term, VX2O∗ , represents the intramolecular in-
teractions in the excited X2O molecule, and is given by the
gas-phase H2O Dobbyn-Knowles (DK) PES.15, 33, 34 For the
dynamics of D2O and HOD photodissociation the same PESs
were used, but with appropriate masses in each case. All the
potentials and the corresponding switching functions used in
this study are the same as the ones used for H2O and D2O ice
photodissociation calculations. Details on these potentials and
the switching functions between the potentials can be found
in Refs. 6 and 26.
B. Description of amorphous ice
The H2O and D2O amorphous ice systems have been set
up at Tice= 10, 20, 30, 60, and 90 K using the same procedures
as those used in our previous studies.6, 7, 12, 25, 26 For more de-
tails we refer to Refs. 6, 7, 25, and 26.
C. Dynamics
For each molecule in the top four monolayers (MLs)
of the ice, 200 different initial configurations were gener-
ated for the dynamics calculations. Six photodissociation sce-
narios have been considered at Tice = 10, 20, 30 , 60, and
90 K:
1. H2O* dissociation in an H2O amorphous ice (H2O*/
H2O).
2. H2O* dissociation in a D2O amorphous ice (H2O*/
D2O).
3. D2O* dissociation in an H2O amorphous ice (D2O*/
H2O).
4. D2O* dissociation in a D2O amorphous ice (D2O*/
D2O).
5. HOD* dissociation into H + OD in an H2O amorphous
ice (HOD*/H2O).
6. HOD* dissociation into D + OH in an H2O amorphous
ice (DOH*/H2O).
For each of the studied scenarios the appropriate masses of
the photo-excited molecule and the other molecules in the ice
have been taken into account.
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To initialize the trajectories, a Wigner phase-space distri-
bution function is fitted to the ground-state vibrational wave-
function of gas-phase H2O.35 A Monte Carlo procedure is
used to sample the initial positions and momenta of the atoms
of the selected molecule. Then, the molecule is brought to the
first electronically excited state on the DK PES15, 33, 34 via a
vertical excitation. The Wigner distribution of gas-phase D2O
has the same functional form as the Wigner distribution of
gas-phase H2O, but the α values from Eq. (5.20) in Ref. 35
are corrected with
√
2, such that αi, D2O =
√
2αi, H2O for i = r,
R, γ .
The Wigner distribution of gas-phase HOD also has the
same functional form as that of gas-phase H2O, but differ-
ent α values were computed using Eq. (5.16) in Ref. 35
to account for the different masses as well as the frequen-
cies of the OH stretch, OD stretch, and the bend vibration
(Refs. 36–38) of the HOD molecule. The symmetry of the
H2O or D2O molecule is lost if an HOD molecule is consid-
ered, therefore two different Wigner distribution functions can
be set up for HOD depending on whether the OH or the OD
bond is associated with the Jacobi coordinate r. For reasons
of convenience we consistently modeled the dissociation re-
action where an ABC molecule dissociates into fragments A
and BC. Thus, Wigner distributions were computed for both
the “HOD” molecule and the “DOH” molecule. If the dynam-
ics lead to the ABC → AB + C dissociation reaction (e.g.,
HOD → OH + D), the trajectory was stopped and not taken
into account for the discussion of desorption processes. These
trajectories were taken into account to compute the branching
ratio of the HOD photodissociation reaction.
Newton’s equations of motion are integrated in time us-
ing a leapfrog algorithm with a time step of 0.02 fs and a max-
imum time of 20 ps to simulate the photodissociation dynam-
ics. The outcome channels of the photodissociation dynamics
of X2O (X = H,D) in H2O or D2O ice are (1) X atom desorp-
tion while the OX radical remains trapped in the ice or on the
ice surface, (2) OX radical desorption while the X atom re-
mains trapped in the ice or on the ice surface, (3) X atom and
OX radical desorption, (4) trapping of both the X atom and the
OX radical, (5) recombination of the X atom and the OX rad-
ical to form X2O which desorbs or (6) remains trapped. The
outcome channels for the dissociation dynamics of HOD in
H2O ice are the same as for the dissociation dynamics of X2O
in H2O or D2O ice, with the remark that the recombination
of the X atom and the OX radical lead to formation of HOD
instead of X2O. An outcome channel which may exist inde-
pendently of the outcome channels 1–6 is the desorption of
an X2O molecule upon a collision with an X atom photofrag-
ment. This is called the “kick-out” mechanism. The criteria
used to end trajectories are the same as for previous H2O and
D2O ice photodissociation MD studies.6, 7, 12, 25, 26
For each X2O molecule selected to be excited, 200 initial
condition were generated to study the photodissociation dy-
namics in both H2O and D2O ices. Since a ML consists of 30
molecules and only excitation of X2O in the top four MLs is
considered, 6000 trajectories are run per ML and 24 000 tra-
jectories are run at each ice temperature per system. However,
for every HOD molecule to be photodissociated, 300 initial
conditions were generated if the Wigner distribution was set
up for dissociation of HOD into H + OD, whereas 700 initial
conditions were generated if the Wigner distribution was set
up for dissociation of HOD into D + OH, because the branch-
ing ratio H+ODD+OH was calculated (see Fig. 3 in Ref. 13 and Fig. 3
in Ref. 16) to lie between 2 and 3 around the maximum of
the absorption spectrum of gas-phase HOD. As a first ap-
proximation, we would expect roughly the same value for the
branching ratio for the HOD ice photodissociation reaction
computed by using MD simulations as for the branching ratio
around the maximum of the absorption spectrum. The branch-
ing ratio implies that extra initial conditions must be gener-
ated to have proper statistics for the photodissociation calcula-
tions. The number of initial conditions was chosen such that at
least 6000 trajectories were simulated for each ML. At 10 K,
500 initial conditions per molecule were selected for the dis-
sociation dynamics of HOD into photofragments H and OD
in H2O ice, because this number of trajectories was also used
to evaluate the absorption spectrum of HOD.
III. RESULTS AND DISCUSSION
In this section we present results regarding the pho-
todesorption events (i.e., X atom (Sec. III A), OX radical
(Sec. III B), and X2O molecule (Sec. III C) photodesorp-
tion) that can occur following UV photodissociation of an
X2O* molecule in X2O ice at different ice temperatures. In
Sec. III D the photodesorption processes of HOD in H2O ice
are discussed.
A. X(=H,D) atom photodesorption
The probabilities of the outcome channels after the
photo-excitation of a single water molecule have been calcu-
lated for the initially excited molecule being located in the top
four MLs of the ice, because previous reports have shown that
excitation of these molecules may lead to photodesorption.6, 25
The X(=H,D) atom photodesorption outcome channel is the
most important desorption event (more details in Refs. 6, 7,
and 26). Due to the weak interaction between X atom and
the ice,10 the X atom may also first accommodate and then
desorb through thermal desorption. However, this cannot be
described in our calculations due to the limited time scale of
our simulations (tmax = 20 ps).
The photodesorption probability (pi = NiNtotal , i
=
√
pi (1−pi )
Ntotal
, i = photodesorption event, and i is the
standard error in the probability) of the X atom from an X2O
ice system has been calculated for and averaged over the top
four MLs at different ice temperatures, and is plotted in Fig. 1
for the first four dissociation scenarios presented previously
in Sec. II C. The desorption of an X atom can be accompanied
by either trapping of the OX radical or desorption of the OX
radical (outcome channels 1 and 3, respectively), but these
processes are not distinguished further here.
The H atom photodesorption probabilities are larger than
those for D in the H2O and D2O amorphous ice systems
(Fig. 1). H atoms desorb more easily than D atoms do: the
velocity of the H atom upon H2O photodissociation is larger
than the velocity of the D atom upon D2O photodissociation,
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FIG. 1. Photodesorption probabilities of photofragment X following X2O*
photodissociation in an X2O ice system (denoted in legend as X X2O*/X2O)
averaged over the top four MLs as a function of ice temperatures (Tice).
because the H atom is lighter than the D atom. The H pho-
todesorption probability averaged over the top four MLs and
over all ice temperatures is 59.6% if the H2O molecule is
initially excited in a D2O ice system and 58.8% if the H2O
molecule is initially excited in an H2O ice system. If a D2O
molecule is dissociated, the averaged probability over the top
four MLs and over all the ice temperatures of D desorbing
from the ice surface is about 55.3% and 54.1% if excitation
occurs in an H2O and in a D2O ice system, respectively. This
result can also be explained by energy transfer from the X
atom to the surrounding water molecules upon collisions. A
hard sphere kinematic model for elastic collisions39, 40 states
that the energy transfer from the X atom to a water molecule
(which is assumed to be stationary initially) is dependent on
the mass ratio of the two colliding objects, as follows:
r = 4α(1 + α)2 (2)
with r being the fraction of the energy which is transferred
during the collision, and α being the mass ratio of the collid-
ing species. According to Eq. (2), which for our purposes is
only used qualitatively, D atoms transfer their energies more
easily to the surrounding molecules than H atoms do, since
αH = mHmX2O <
mD
mX2O
= αD. From Fig. 1 it is noticeable that
there are no striking differences between H atoms desorbing
from H2O and D2O ice, and between D atoms desorbing from
H2O and D2O ice, regarding the photodesorption probabilities
for each ice temperature averaged over the top four MLs.
On average, a hydrogen atom desorbs from a D2O ice
system with a probability of about 4.3% higher than a deu-
terium atom from an H2O ice system. This arises from differ-
ences in the probability of X atoms desorbing from MLs 2–4,
as is illustrated in Fig. 2 for ML1 and ML4. If the dissocia-
tion occurs in the first ML, H and D atoms will desorb with
almost identical probabilities, but there is a clear difference in
desorption probabilities if the X2O molecule is dissociated in
ML 4: H atoms desorb from D2O ice with higher probabilities
than D atoms desorb from an H2O ice system for MLs 2–4.
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FIG. 2. Photodesorption probabilities for the H atom after H2O* photodis-
sociation in a D2O ice system (H H2O*/D2O) and for the D atom after D2O*
photodissociation in an H2O ice system (D D2O*/H2O) for the situation
where the photo-excited molecule is initially located in monolayer 1(ML1)
and 4(ML4) as a function of Tice.
Since photofragments formed deeper in the ice first have
to travel from the bottom to the top of the ice surface to be able
to desorb, the difference in the desorption probabilities can
be explained by energy transfer in collisions of the photofrag-
ments with the molecules in the ice system. In agreement with
this picture, the energy of the desorbed X atom is strongly in-
fluenced by the location of the initially excited molecule. The
average energy of the desorbed H atoms from H2O molecules
dissociated in the first ML of a D2O system is 2 eV. If the ex-
cited molecule is initially located in the fourth ML, the energy
of the desorbed H atom is only 1.25 eV. The average energy
of a D atom desorbed from an H2O ice system is 1.56 eV and
0.83 eV if dissociation takes place in the first and fourth ML,
respectively.
The average distance traveled at 90 K by an H atom
formed if H2O is dissociated in a D2O ice system is around
10.1 Å, the one traveled by D atoms formed upon D2O dis-
sociation in an H2O ice system is about 7.6 Å, and the ones
traveled by H and D atoms formed upon H2O and D2O pho-
todissociation are 9.1Å and 8.4 Å, respectively.12 The distance
traveled by an X atom in X2O ice (dX/X2O) can be summarized
as follows: dD/H2O < dD/D2O < dH/H2O < dH/D2O.
This trend is fully consistent with the efficiency of the
energy transfer that is expected on the basis of the mass ratio
of the X atom and the stationary water molecules (Eq. (2)).
Thus, the less the energy is transferred the larger the distance
the X atom can travel in the ice.
The ice temperature does not greatly affect the average
energy of the desorbed X atom or the average traveled dis-
tance of the X atom if trapping occurs. At the statistical
accuracy of our calculations, the ice temperature also has
no detectable influence on the X photodesorption probabil-
ity because the translational energies with which X is formed
(≈2.5 eV) following X2O photodissociation is more than 2
orders of magnitude larger than the thermal translational ener-
gies of X2O between 10 and 90 K, the averages of which are in
the range 1.3–12 meV.26 Therefore, the flow of energy is pre-
dominantly from the H-atoms to the X2O molecules, and the
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initial temperature (initial average kinetic energy) of the X2O
molecules is not important. In contrast, the surface tempera-
ture has been observed to be highly relevant to experiments on
sticking of hydrogen atoms to ice, because in this case the ini-
tial kinetic energies of the H atoms and of the X2O molecules
usually are of equal order of magnitude and comparable to the
binding energy of H to a H2O surface. For instance, Al-Halabi
et al. investigated sticking of H-atoms to ice surfaces for ini-
tial H-kinetic energies in the range 100–600 K (9–52 meV)
for surface temperatures in the range 10–70 K, corresponding
to X2O molecules with average kinetic energies in the range
1.3–9.0 meV,41 while the adsorption energy of an H-atom to
an ice surface should be less than 30 meV.42
B. OX radical photodesorption
The OX radical photodesorption probability is the sec-
ond most important photodesorption mechanism and is calcu-
lated by summing over the probabilities of two channels: the
desorption of the OX radical if the X atom remains trapped,
and the desorption of both the OX radical and the X atom.
The OX photodesorption is also dependent on the initial lo-
cation of the excited X2O molecule. In Table I we have sum-
marized the OX radical photodesorption probabilities for the
MLs where the excited X2O molecule is initially located, and
it can be seen that the probability of an OX radical desorb-
ing from the ice decreases with increasing depth, especially
going from ML2 to ML3. The reason for this trend is that the
deeper the initially photodissociated molecule is in the ice sur-
face, the more likely it is that a resulting OX fragment that is
moving upwards will encounter a X2O molecule on its way.
Because the mass ratio of OX and X2O is almost equal to
one, such an encounter usually causes OX to lose much of its
energy, precluding desorption of OX. In our study the X2O
molecules are binned in monolayers depending on their ini-
tial coordinate for motion perpendicular to the surface, and
because we model an irregularly shaped, amorphous ice sur-
face, it is possible that molecules assigned to ML2 have no
X2O molecule right above them. However, going deeper into
the ice this becomes progressively less likely, which explains
the trend observed.
The OH photodesorption probabilities from H2O ice and
the OD photodesorption probabilities from D2O ice were al-
ready calculated earlier12 for most of the ice temperatures
considered. Here, the OH desorption probabilities from D2O
ice and OD desorption probabilities from H2O ice have also
TABLE I. OX photodesorption probabilities for H2O photodissociation in a
D2O ice system (OH H2O*/D2O) and for D2O photodissociation in an H2O
ice system (OD D2O*/H2O) per ML for the top four MLs averaged over all
ice temperatures.
OH H2O*/D2O OD D2O*/H2O
×10−3 ×10−3
ML1 49.5 59.0
ML2 32.7 29.4
ML3 1.37 5.79
ML4 0.17 0.04
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FIG. 3. Photodesorption probability of the OX radical photofragment fol-
lowing X2O* photodissociation in an X2O ice system (denoted in legend as
OX X2O*/X2O) averaged over the top four MLs as a function of Tice.
been calculated. In Fig. 3 the photodesorption probabilities of
OX averaged over the top four MLs are plotted for each inves-
tigated system. The photodesorption probabilities for OD des-
orbing from D2O ice are a factor of 2.7 larger than those for
OH desorbing from H2O ice. However, the OH radical pho-
todesorption probabilities from D2O ice and the OD radical
photodesorption probabilities from H2O ice are very similar.
Two effects can be responsible for these observations.
(1) The OD radicals have higher kinetic energies than the
OH radicals do upon the initial D2O and H2O photodissoci-
ation, respectively, making it easier for OD radicals to move
through the surface and finally desorb. In the gas-phase, where
the X2O molecule is isolated, conservation of momentum and
energy must be obeyed after dissociation; pOX + pX = 0, and
EOX + EX = E, with E being the initial available energy;
E = Eexc − Ediss(X2O), which is the difference between
the excitation energy and the dissociation energy of X2O into
X + OX. More specifically, the initial kinetic energy of the
OX fragments EOX may be estimated from:12
EOX = E1 + mOX
mX
. (3)
It is easy to see that, according to Eq. (3), for the same ex-
citation energy Eexc, EOD should be about a factor 1.8 larger
than EOH, due to the difference in mass ratio. Here, we have
not yet considered the role played by the final rotational and
vibrational energy of the OX fragment. However, this should
not change the conclusions much, for the following two rea-
sons. First, due to a lack of translation-rotation coupling in the
exit channel of the A-state water potential, the OX fragment
is produced with little rotational energy. At the temperatures
here considered, the X2O molecules will originally be in the
ground state for the water bend vibration. Calculations on gas
phase water photodissociation predict that under these con-
ditions the rotational energy in the final OX fragment should
amount to no more than 35 meV.43 Second, although much
more energy is released in the vibration of the OX fragment,
the amounts of the average vibrational energy of the OX frag-
ments differ only little for D2O and H2O. More specifically,
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for excitation in the peak of the absorption band, the average
vibrational energy in the OX fragment is 0.45 eV for OD and
0.55 eV for OH.15 Correcting Eq. (3) for the vibrational en-
ergy loss to the OX fragment (by subtracting these numbers
from E, where E can be taken equal to 3.2 eV (see Arasa
et al.12 and Ref. 53 therein)) leads to little change in the ratio
EOD/EOH predicted by Eq. (3); if anything, the ratio should be-
come a little bit larger. Applying this correction, Eq. (3) pre-
dicts that on average OD is released from D2O with an initial
kinetic energy of 0.275 eV, while OH should be released from
H2O with an initial kinetic energy of 0.147 eV. Furthermore,
we note that although in an ice surface the excited molecule
is not isolated but interacts with other water molecules during
the MD calculations, the energy and momentum conservation
laws can still be used to have an approximation of the initial
kinetic energy of the photofragments.
(2) It is likely that the hyperthermal OX formed fol-
lowing photodissociation will lose its energy most easily to
phonons of the surrounding ice lattice with frequencies close
to its translational energy. These phonons are the librations.
In H2O, the librations have considerably higher frequencies
than in D2O, the highest observed frequency being 110 meV
for H2O and 84 meV for D2O.44 For this reason, we suspect
that the energetic OX will lose its energy more easily to the
H2O lattice than to the softer D2O lattice. The initially formed
OD radical has greater initial energy (e.g., at 10 K, the aver-
aged kinetic energy taken over the top four MLs is 0.263 eV,
compared to 0.275 eV predicted from Eq. (3) and consider-
ing vibrational excitation of the OD fragment, see above), and
OH less initial energy (e.g., at 10 K, the averaged kinetic en-
ergy taken over the top four MLs is 0.200 eV, compared to
a predicted value of 0.147 eV). However, the hyperthermal
OD fragment formed will transfer its energy more easily to
the H2O lattice, which has higher frequency librations (up to
110 meV44), than OH will transfer its energy to the softer
D2O lattice, which has lower frequency vibrations (up to
84 meV44). We speculate that these opposing trends explain
why the photodesorption probabilities of OD from an H2O
ice system and OH from a D2O ice system are similar. Higher
initial energies of the OD radical upon D2O dissociation than
the OH radical upon H2O dissociation and more efficient en-
ergy transfer from the OX radical to the H2O ice than to the
D2O ice explain the trends observed in Fig. 3. The compari-
son also suggests that the OX photodesorption probability is
predominantly determined by the initial kinetic energy: av-
eraged over Tice, the probability of the more energetic OD
to desorb from H2O ice is somewhat larger than that of OH
to desorb from D2O ice, even though energy should be more
easily transferred to the harder H2O lattice.
C. X2O molecule photodesorption
The third photodesorption channel is X2O molecule pho-
todesorption, which can occur through the direct desorption
of the recombined X2O molecule or through the kick-out
mechanism.6, 7
In Fig. 4 the direct photodesorption probabilities of re-
combined X2O averaged over the top four MLs are plotted
versus the ice temperature for the first four dissociation sce-
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FIG. 4. Photodesorption probabilities of recombined X2O molecules fol-
lowing X2O photodissociation in an X2O ice system (denoted as X2O
X2O*/X2O) averaged over the top four MLs as a function of Tice.
narios listed in Sec. II C, using the same scale as for the
other X2O photodesorption mechanism in Fig. 5. For direct
X2O desorption, no isotope effects are observed. If recom-
bination of the fragments does occur in the top MLs, the
produced molecule is highly energetic, and the recombined
X2O molecule can still desorb. However, if the dissociation
occurs deeper in the ice, the newly formed water molecule
loses its energy upon collisions with other water molecules
and the desorption of the recombined X2O molecule be-
comes unlikely due to strong interaction with the other wa-
ter molecules. The fact that no isotope effects are observed
in the direct photodesorption of X2O molecules suggests that
in this mechanism the desorption probability is determined
by the available excess energy upon recombination, which is
very similar for H2O and D2O ice, which have very similar
absorption spectra.
On the other hand, isotope effects are rather noticeable if
X2O desorbs from the ice surface through the kick-out mech-
anism (Fig. 5). The kick-out mechanism is more likely to
happen if D2O is initially excited. This can be explained by
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FIG. 5. Photodesorption probabilities of the X2O molecules via the kick-out
mechanism following X2O photodissociation in an X2O ice system (denoted
as X2O X2O*/X2O) averaged over the top four MLs as a function of Tice.
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TABLE II. Mass ratios (α) and energy transfer efficiencies (r) for collisions
between an X atom and a stationary X2O molecule (X/X2O).
X/X2O α r
H/H2O 0.056 0.20
H/D2O 0.050 0.18
D/H2O 0.111 0.36
D/D2O 0.100 0.33
the efficiency of the energy transfer in a collision of an X
atom with an X2O molecule in the ice surface. The mass ratio
between D and X2O is higher than the mass ratio between H
and X2O, and therefore D can transfer its energy more easily
upon a collision with an X2O molecule. The mass ratios and
the values of the fraction of energy transferred (Eq. (2)) for
each kick-out scenario are summarized in Table II.
The kick-out mechanism is more likely to occur if the
molecule that is initially excited and that neighbours the X2O
molecule to be desorbed is a D2O molecule. (The condition
that these molecules need to be close to each other is due
to the high binding energy of X2O molecules to the surface
≈0.3 eV and the unfavorable mass ratio between even D-
atoms and X2O: D- or H-atoms that have already lost
part of their kinetic energy through encounters with other
X2O molecules will not be able to kick-out a surface X2O
molecule.) This can be explained by the efficiency of the en-
ergy transfer in a collision of a hydrogen atom of unknown
mass, but with high initial kinetic energy, to an X2O molecule
in one of the topmost layers. The mass ratio between D and
X2O is higher than the mass ratio between H and X2O, and
therefore an energetic D atom can transfer its energy more
efficiently to the neighbouring X2O molecule and cause it to
desorb than an H atom with the same energy (Table II).
A temperature effect on the photodesorption probabili-
ties can be observed in Fig. 5, as the kick-out probability rises
with ice temperature (e.g., the average kick-out probabilities
at 10 K are 0.13% and 0.56% if an H2O molecule or a D2O
molecule is initially dissociated, respectively, and the average
kick-out probabilities at 90 K are 0.42% and 1.30% if an H2O
molecule or a D2O molecule is initially dissociated, respec-
tively). We attribute the higher desorption probability to the
higher kinetic energy the desorbing molecules may already
have at higher ice temperatures prior to receiving a kick from
the X photofragment.
In Fig. 6 the total X2O desorption probabilities are plot-
ted, which are sums of the direct photodesorption probabili-
ties and the kick-out probabilities. The total X2O photodes-
orption probabilities are largest for D2O* because the kick-
out mechanism is most efficient for D2O*, and the direct
mechanism displays no isotope effects.
The photodesorption probabilities of oxygen contain-
ing species following X2O* photodissociation in X2O ice
(YX2O∗/X2O) can be calculated as the sum of the probabilities
from Figs. 3 and 6, and summarized as follows:
YD2O∗/D2O > YD2O∗/H2O > YH2O∗/D2O > YH2O∗/H2O.
The photodesorption of an oxygen containing species is
most probable if D2O is dissociated in a D2O ice system, be-
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FIG. 6. Photodesorption probabilities of X2O molecules via either mecha-
nism (direct desorption of recombined X2O molecules and kick-out of X2O
molecules) from an X2O ice system averaged over the top four MLs as a
function of Tice, the legend denotes the photo-excited molecule and the ice
system (X2O*/X2O).
cause of the large photodesorption probabilities of OD radi-
cals from D2O ice. The photodesorption probabilities of OH
radicals from a D2O ice system are similar to those for OD
radicals from an H2O ice system, however the kick-out prob-
abilities are larger if D2O is initially dissociated than if H2O is
initially dissociated. The photodesorption of an oxygen con-
taining species is least probable if H2O is dissociated in a H2O
ice system, because of the lower OH radical desorption prob-
abilities and the lower kick-out probabilities if H2O is initially
dissociated than if D2O is dissociated.
D. HOD photodesorption processes
Photodissociation of an HOD molecule can lead to two
sets of products: D + OH and H + OD. The photodesorption
processes of the HOD molecule are considered individually
for both sets of dissociation products. The absorption spec-
tra based on the Wigner distributions for the “HOD” and the
“DOH” (see also Sec. II C) molecule in H2O ice at 10 K are
shown in Fig. 7(b) for HOD molecules located in the top 5
MLs. In principle, the absorption spectrum of HOD should
not depend on the choice of the Jacobi coordinates of the
HOD molecule. However, since the total wavefunction of the
vibrational ground state is approximated by a product of un-
coupled wavefunctions (Eq. (5.19) in Ref. 35), the motions
of the OD and the OH vibrations are no longer coupled and
the absorption spectra of HOD and DOH may differ slightly.
The absorption spectrum of H2O ice is blueshifted by 1 eV6, 45
relative to the absorption spectrum of gas-phase H2O. A sim-
ilar blueshift is expected for the absorption spectrum of HOD
in H2O ice. The maxima of the absorption spectra are 8.59
and 8.54 eV for the “HOD” and the “DOH” molecule, respec-
tively. These results are then consistent with the maximum at
7.45 eV of the gas-phase HOD absorption spectrum computed
by Van Harrevelt et al.15 (Fig. 7(a)) and the blueshift noted.
The computed absorption spectra for HOD in ice (Fig. 7(b))
have a tail at the low-energy end of the spectrum, whereas
the gas-phase HOD absorption spectrum (Fig. 7(a)) has a
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FIG. 7. (a) Gas-phase absorption spectrum for the HOD molecule (blue line),
which is the sum of the H + OD (red dashed line) and the D + OH (black
dashed line) partial spectra. Data obtained from Ref. 46. (b) The absorption
spectra for the HOD molecule using the Wigner distributions specifically
made for the HOD →H + OD dissociation reaction (red solid line, HOD* in
the legend) and for the HOD →D + OH dissociation reaction (black solid
line, DOH* in the legend) at Tice=10 K. The dashed lines represent the
absorption associated with the trajectories that lead to desired dissociation
events in the top four MLs, H + OD (red dashed line) or D + OH (black
dashed line). Spectra were made by binning the excitation energies into 0.05
eV-wide energy intervals.
tail at the high-energy end of the spectrum. The tail at the
low-energy end of the absorption spectrum of HOD in ice is
caused by excitation of HOD molecules in the first ML. These
molecules have no other water molecules above them, there-
fore they resemble a gas-phase HOD molecule more closely
than HOD molecules located in MLs 2–5. The blueshift in
photon-absorption energy from gas-phase HOD to HOD in
ice is therefore less pronounced for the HOD molecule in the
first ML, thus introducing a tail at the low-energy end of the
absorption spectrum. The partial absorption spectra of the tra-
jectories that lead to photofragments H + OD and the ones
that lead to D + OH for HOD in the gas-phase and in the ice
display similar features.
To estimate the initial kinetic energies of the photofrag-
ments upon dissociation, we use the momentum and energy
conservation laws described in Sec. III B. The initial ener-
gies of the OX(2) photofragments corresponding to X(1)OX(2)
→ OX(2) + X(1) are computed using Eq. (3) for X(1) = H or D
and X(2) = H or D. The estimated energies of the photofrag-
ments are summarized in Table III.
TABLE III. Estimated initial kinetic energies of the photofragments as a
fraction of the energy available upon photodissociation of X(1)OX(2) in a vac-
uum, according to Eq. (3).
Scenario Dissociation Fractional energy Fractional energy
in H2O ice reaction photofragment OX(2) photofragment X(1)
1 H2O → H + OH 0.056 0.94
5 HOD → H + OD 0.053 0.95
6 HOD → D + OH 0.11 0.89
3 D2O → D + OD 0.10 0.90
In this section photodesorption probabilities are provided
given that a specific dissociation reaction has occurred, rather
than that a specific photo-excitation event has occurred (e.g.,
OH desorption probabilities given the HOD → D + OH reac-
tion, rather than OH desorption probabilities given excitation
of the HOD molecule). This issue did not exist in the previ-
ous sections because X2O only has one dissociation reaction:
X2O → X + OX. The OX(2) radical photodesorption proba-
bilities defined in this way and averaged over the top four MLs
are plotted in Fig. 8 for dissociation scenarios 1, 3, 5, and 6.
On a relative basis the photodesorption probabilities of the
OH radical formed upon HOD photodissociation and the OD
radical formed upon D2O photodissociation are much higher
than those of the OD radical formed upon HOD photodisso-
ciation or the OH radical formed upon H2O photodissocia-
tion. This observation can be explained by the initial kinetic
energies of the OX(2) radicals (see Table III). The energy of
the OX(2) radical resulting from dissociated DOX(2) is about
twice the energy of the OX(2) if the dissociated molecule is
HOX(2). Therefore, on a relative scale, the photodesorption of
the OX radical is much more likely if the dissociated molecule
is DOX(2) than if it is HOX(2).
The MD simulations suggest that the isotope fractiona-
tion of OX through photodissociation of water in the ISM is
influenced by photodesorption processes. Averaged over Tice,
following initial dissociation of HOD into D + OH the OH
radical is a factor 2.14 more likely to desorb from the ice
surface than the OD radical following initial dissociation of
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FIG. 8. Photodesorption probability of the OX(2) radical following X(1)OX(2)
photodissociation in an H2O ice system (denoted in the legend as OX
X(1)OX(2)*/H2O) averaged over the top four MLs versus ice temperature Tice.
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TABLE IV. ODOH ratios following: HOD dissociation in the gas-phase, HOD
dissociation in ice, and photodesorption of OX radicals given HOD excitation
in ice. Reaction branching ratios are computed by integrating the partial ab-
sorption spectra over the complete energy range of the first absorption band.
The ODdesOHdes ratio is obtained using Eq. (4).
HOD photodissociation Temperature (K) ODOH ratio
Gas-phase HOD 3.146
HOD in H2O ice 10 2.20
20 2.25
30 2.25
60 2.27
90 2.26
Photodesorption ( ODdesOHdes ) 10 1.20
20 1.08
30 1.16
60 0.67
90 1.08
HOD into H + OD (Fig. 8). Also, the branching ratio H+ODD+OH
of the HOD photodissociation reaction, which can be com-
puted by integrating the H + OD and the D + OH partial
absorption spectra, for HOD in ice is 2.20 at Tice = 10 K (see
Fig. 7(b)). HOD photodissociation branching ratios ( H+ODD+OH )
have been computed for each ice temperature and are sum-
marized in Table IV. Also, the photodesorption ratios ( ODdesOHdes )
following the HOD photodissociation reaction have been cal-
culated using
ODdes
OHdes
(Tice) =
∑4
i=1 PODdes (i, Tice) β(i,Tice)1+β(i,Tice)∑4
i=1 POHdes (i, Tice) 11+β(i,Tice)
(4)
where PODdes (i, T ) is the OD photodesorption probability
given the HOD dissociation reaction into H + OD in ML i
at T = Tice, POHdes (i, T ) is the OH photodesorption probabil-
ity given the HOD dissociation reaction into D + OH in ML i
at T = Tice, and β(i, T) is the HOD photodissociation branch-
ing ratio H+ODD+OH in ML i at T = Tice. All ODdesOHdes ratios are also
summarized in Table IV. On average, the HOD photodisso-
ciation reaction branching ratio in water ice is ∼2.2 and the
photodesorption branching ratio following HOD photodisso-
ciation is equal to 1.0, with a standard deviation of 0.2. (To
compute the latter two quantities, we have assumed the pho-
todesorption branching ratio to be independent of Tice, i.e., we
have assumed that the differences in the values for this quan-
tity in Table IV reflect statistical uncertainties.)
One reason that the photodesorption ratio OD/OH com-
puted here (1.0) is lower than the gas phase OH/OD photodis-
sociation ratio (3.1, Table IV) is that in the ice surface the ini-
tial OH/OD photodissociation ratio (2.25 ± 0.01, Table IV)
is much lower than the gas phase value (3.1). We attribute
the lower value of the OH/OD photodissociation ratio in ice
at least in part to caging effects. An important reason for the
large ratio in gas phase photodissociation is kinematic:43 in
response to the repulsive forces experienced on the excited
state intramolecular potential, the lighter H-atom is able to
move faster towards the exit channel. However, in an ice ma-
trix, much of the kinematic advantage the H-atom has over
the D-atom may disappear due to caging effects: there may be
trajectories in which the HDO molecule first recombines be-
cause the released atom rebounds from a surrounding water
molecule. Here, the lighter H-atom would be at a disadvan-
tage, i.e., it would be more likely to rebound and temporarily
reform HOD than the heavier D-atom. The fact that we com-
pute a larger average value (averaged over Tice) for β(1) (2.31
± 0.02) than for β(4) (2.22 ± 0.01) supports this argument,
as caging should be less important in the topmost layer of the
ice surface than in the bulk of the ice. However, electronic
effects of the surrounding water molecules can also be impor-
tant, as the presence of even one additional water molecule
can lead to considerable changes in the shape of the potential
energy surface of the excited water molecule.47 Because OH
photodesorption probabilities following HOD photodissocia-
tion are higher than those for OD, gaseous OH formation is
favored if HOD photodissociation occurs in ice rather than
in the gas-phase. The ODOH ratio in the gas-phase is therefore
expected to be lower in dense clouds, where photodesorption
of OX radicals from the ice may additionally affect this ratio,
than in diffuse clouds where OX radical photodesorption from
ice does not occur.
No isotope effects are observed on the photodesorp-
tion probabilities of recombined HOD molecules, as is the
case for the photodesorption probabilities of recombined
X2O molecules. The kick-out of surrounding H2O molecules
(Fig. 9) does show isotope effects. The kick-out mechanism
is more likely to occur if the D photofragment is formed,
because the D atom transfers its momentum to the water
molecules upon collisions more easily than the H atom does.
It can also be observed that, in most cases, the kick-out
probability of an H2O molecule is slightly higher if the D
atom is formed upon photodissociation of D2O than upon
photodissociation of HOD. (We attribute the observation of
the reverse order in magnitude at Tice = 90 K to statistical
uncertainties in the calculations, as reflected in the overlap-
ping error bars for this surface temperature). This observa-
tion can be explained from the initial kinetic energy of the
D atom. The maximum of the partial absorption spectrum of
the trajectories that lead to D + OH lies at 8.4 eV, whereas
the maximum is at 8.6 eV for the D2O absorption spectrum.
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FIG. 9. Photodesorption probabilities of H2O molecules due to the kick-out
mechanism subsequent to X(1)OX(2)* photodissociation in H2O ice (denoted
in the legend as X(1)OX(2)*/H2O) averaged over the top four MLs versus Tice.
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This can be explained by the zero-point energy of the OD
vibration being lower than that of the OH vibration. There-
fore, a larger fraction of the available energy can go to the D
atom upon D2O photodissociation than upon HOD photodis-
sociation. Also, the estimated fraction of the available energy
which goes to the D atom upon HOD photodissociation into
D + OH is 0.895E, whereas the energy of the D atom upon
D2O photodissociation is 0.900E (see Table III). This means
that based on the mass ratio of the photofragments, on aver-
age, the D atom will receive 0.016 eV less energy if an HOD
molecule is dissociated than if a D2O molecule is dissoci-
ated, taking Ediss ≈ 5.4 eV.15 These considerations indicate
that the D atom initially receives less energy upon dissocia-
tion of HOD than upon dissociation of D2O, which explains
the lower kick-out probabilities if the D atom is created upon
photodissociation of HOD instead of D2O.
The X(1) atom photodesorption probabilities averaged
over the top four MLs for dissociation scenarios 1, 3, 5, and 6
listed in Sec. II C are plotted versus Tice in Fig. 10. The H atom
photodesorption probability is larger than the D atom pho-
todesorption probability. The averaged H atom photodesorp-
tion probability following HOD or H2O dissociation in H2O
amorphous ice over all Tice is 58.5% and 58.8%, respectively,
whereas the averaged D atom photodesorption probability fol-
lowing HOD or D2O dissociation in H2O amorphous ice is
54.0% and 55.3%, respectively. The H atom desorption prob-
abilities are very similar upon HOD and H2O dissociation,
however the D atom photodesorption probability is in each
case slightly lower if HOD is dissociated than if D2O is disso-
ciated. This might be a manifestation of the somewhat lower
initial kinetic energy that the D atom receives upon HOD dis-
sociation than upon D2O dissociation.
The difference in H atom and D atom photodesorption
probabilities can be explained by the mass ratio between the
X(1) atom and the water molecules (Sec. III A). The mass ra-
tio between the D atom and the H2O ice is higher than the
mass ratio between the H atom and the H2O ice, which means
that the energy transfer from the D atom to the ice is more
efficient than from the H atom to the ice. As a result, the D
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FIG. 10. Photodesorption probabilities of photofragment X(1) upon dissoci-
ation of X(1)OX(2)* in H2O ice (denoted in the legend as X X(1)OX(2)*/H2O)
averaged over the top four MLs as a function of ice temperatures (Tice).
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FIG. 11. Photodesorption probability of all oxygen containing species (OX
radical, recombined X(1)OX(2) molecule and H2O molecule) following
X(1)OX(2)* photodissociation in H2O ice (denoted X(1)OX(2)*/H2O in the
legend) averaged over the top four MLs plotted versus Tice.
atom loses more energy to the ice leading to a lower D atom
photodesorption probability relative to the H atom.
The photodesorption probability of oxygen containing
species is most probable if the D atom is formed upon dis-
sociation of the X(1)OX(2) molecule, as can be seen in Fig. 11.
The initial kinetic energy of the OX(2) radical is larger if the
X(1) atom is D, which leads to higher OX desorption proba-
bilities. Also, the D atom transfers momentum more easily to
a surrounding H2O molecule than an H atom does, leading to
higher kick-out photodesorption probabilities.
IV. CONCLUSIONS
In this work we have carried out MD calculations on
photodissociation of X2O (X = H,D) molecules in X2O
(X = H,D) amorphous ice and HOD molecules in H2O amor-
phous ice after UV photon excitation to the first electronically
excited state in order to investigate the isotope effects on the
associated photodesorption processes. Isotope effects are ob-
served for X atom photodesorption, OX radical photodesorp-
tion, and also for the X2O molecule photodesorption through
the kick-out mechanism, whereas no isotope effects are ob-
served for the direct photodesorption process of the recom-
bined X2O or HOD molecule.
The OX radical photodesorption probability is larger if a
DOX molecule is dissociated than if an HOX molecule is dis-
sociated. If an HOD molecule is dissociated into D + OH, the
OH radical photofragment is, averaged over the top four MLs
and all ice temperatures, about a factor 1.8 more likely to des-
orb from an H2O ice system than the OH radical formed upon
dissociation of an H2O, whereas if an HOD molecule is disso-
ciated into H + OD, the OD is about a factor 2.3 less likely to
desorb from an H2O ice surface than the OD radical formed
upon D2O photodissociation. This is the case because the ini-
tial kinetic energy of the OX radical is much larger (about
a factor 1.9) if the dissociating molecule is DOX than if it
is HOX. Also, the OX radical photodesorption probability is
larger if the ice system is D2O. This observation can be ex-
plained by more efficient energy transfer from the OX radicals
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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to the H2O ice system, which has higher libration frequencies,
than to the D2O ice system.
Averaged over Tice, the OH radical photodesorption prob-
ability following HOD dissociation into D + OH is about a
factor 2.14 larger than the OD radical photodesorption prob-
ability following HOD photodissociation into H + OD. Also,
the branching ratio of the HOD photodissociation reaction
H+OD
D+OH in the ice is ∼2.2, which is lower than that for the gas-
phase HOD photodissociation reaction, which is estimated
to be ∼3.1. Thus, relative to gas-phase photodissociation of
HOD, the gaseous OH radical becomes more likely to be
formed and the gaseous OD radical becomes less likely to
be formed if the photodissociation event occurred in the ice.
These observations suggest that the OD(g)OH(g) ratio in the ISM
could be different for dense and diffuse clouds, as ice should
be present in the former, but not in the latter.
The kick-out mechanism, by which an X2O molecule
desorbs from the surface through a kick of an energetic X
atom, is more likely to occur if D atoms are formed through
D2O or HOD photodissociation than if H atoms are formed
upon H2O or HOD photodissociation, since D atoms can
transfer their energy more easily to X2O molecules in the
ice than H atoms can. Whether the ice is made from H2O
or D2O molecules does not influence the kick-out probabil-
ities greatly. However, the kick-out probability does rise with
increasing ice temperatures, which we attribute to the water
molecules having more kinetic energy at higher ice tempera-
ture and thus needing less energy to be transferred from the X
photofragment upon a collision to be able to desorb.
The X atom photodesorption probability is larger if the
H atom is formed upon HOD or H2O photodissociation than
if a D atom is formed upon HOD or D2O photodissociation.
H atoms desorb more easily from the surface than D atoms,
because H atoms have higher initial kinetic energies than D
atoms. Moreover, D atoms transfer their energies more easily
to the surrounding water molecules than H atoms do. The D
atom photodesorption probability averaged over all the con-
sidered ice temperatures following dissociation of the excited
molecule in one of the top four MLs is about a factor 0.9 times
the H atom photodesorption probability.
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